Background Metformin might reduce insulin requirement and improve glycaemia in patients
(−0·005 units per kg, 95% CI −0·022 to 0·012; p=0·545), but there was a significant visit-bytreatment interaction (p=0·0018). There was no effect on endothelial function as measured by reactive hyperaemia index, or on retinopathy. Discontinuation of treatment in 59 (27%) participants on metformin versus 26 (12%) on placebo (p=0·0002) was mainly due to an excess of gastrointestinal adverse effects, and there was no increase in hypoglycaemia with metformin.
Five deaths occurred among patients allocated to metformin and two occurred among those allocated to placebo; none were judged by site principal investigators to be related to study medication.
Interpretation These data do not support use of metformin to improve glycaemic control in adults with long-standing type 1 diabetes as suggested by current guidelines, but suggest that it might have a wider role in cardiovascular risk management.
Funding JDRF.
RESEARCH IN CONTEXT Evidence before this study
In our 2010 systematic review and meta-analysis, we captured all publications on type 1 diabetes and metformin for any outcomes in PubMed (from Jan 1, 1950 , to Oct 6, 2009) www.controlled-trials.com. We identified only 192·8 participant-years of small, short-term, and therefore low-quality trials of metformin in patients with type 1 diabetes. There was evidence for a reduction in insulin dose requirement by about 6·6 units per day (pooled estimate) when metformin was added to insulin treatment. We noted bodyweight reduction with metformin in three of six studies and HbA1c reduction in four of seven studies, but could not calculate pooled estimates because of heterogeneity. Only results from the largest trial (n=100), in which only a third of participants were on statin therapy, showed lowering of LDL cholesterol with metformin. Since our meta-analysis, several further small trials of metformin in type 1 diabetes have been reported, but also a larger (n=140), 6 month trial by the US T1D Exchange in 140 overweight and obese adolescents. The results of the T1D Exchange trial showed bodyweight reduction with metformin, a similar reduction in insulin dose requirement as in our systematic review, no reduction in LDL cholesterol, and improved glycaemic control at 3 months, but not at 6 months. Despite the undoubted relevance of cardiovascular disease in patients with type 1 diabetes, no previous trials of any intervention have been done with either clinical or intermediate cardiovascular outcomes.
Added value of this study
REMOVAL, the largest and longest trial of metformin in type 1 diabetes to date, confirms favourable effects on bodyweight and supports previous evidence of reduced insulin dose requirement, as reported in our meta-analysis and more recently in the T1D Exchange Study. It is the first study to show a sustained reduction in LDL cholesterol in middle-aged individuals with type 1 diabetes treated to target with statin therapy. It is also the first to indicate a possible reduction in atherosclerosis progression with metformin in type 1 diabetes, based on a surrogate outcome of common carotid intima-media thickness, although this finding was based on a tertiary rather than primary outcome.
Implications of all the available evidence
Our results provide a more rational basis for prescribing metformin, an inexpensive oral therapy, in patients with type 1 diabetes. Current guidelines in the UK and the USA recommend it for patients who are overweight or obese to reduce insulin dose requirement and improve glucose control. We identified a transient improvement in glycaemia that reverted to baseline with insulin dose reduction and identified no suggestion of greater benefit in overweight or obese patients.
Type 1 diabetes guidelines should therefore be revised to reflect the absence of a sustained effect of adjunctive metformin on glycaemia and to remove the suggestion of particular efficacy in patients with a BMI greater than 25 6, 7 This advice is based partly on findings from our metaanalysis of short-term and heterogeneous studies in which metformin was shown to reduce insulin requirement with possible benefits on bodyweight and HbA1c. 8 However, metformin is not widely used for this off-label indication; the 2015 UK guideline called for more research. 6 In Scotland, about 15% of adults with type 1 diabetes have ever received metformin, with a typical prevalent use of about 8% (unpublished analysis of 2016 national data).
Because metformin reduces risk of CVD in type 2 diabetes, 9,10 we hypothesised that it might also have important cardiovascular as well as metabolic effects in type 1 diabetes. Progression of common carotid artery intima-media thickness (cIMT) is a surrogate of atherosclerosis 11, 12 that predicts future CVD events in the general population. 13 Progression of cIMT was reduced in DCCT participants who were previously allocated to 6·5 years previous intensive glucose control in the first 6 years of EDIC follow-up and was associated with reduced CVD events 30 years from original randomisation. 3, 14 We therefore initiated the REMOVAL study (REducing with MetfOrmin Vascular Adverse Lesions), an international, double-blind, randomised, placebo-controlled trial with the primary aim of testing whether 3 years of treatment with metformin 1000 mg twice daily added to titrated insulin therapy (towards target HbA1c 7·0% [53 mmol/mol]) reduces atherosclerosis, as measured by progression of cIMT, in adults with confirmed type 1 diabetes aged 40 years and older and at increased risk for CVD.
Methods

Study design and participants
The design of REMOVAL, an international, randomised, parallel-group trial of metformin versus placebo in adults with type 1 diabetes, has been described previously. 15 The study was done in 23
hospital diabetes clinics in Australia, Canada, Denmark, the Netherlands, and the UK (17 initial sites plus six additional UK sites added in 2012 to meet recruitment targets). The protocol (appendix) was approved by the West of Scotland Research Ethics Service and relevant committees covering all sites. 15 The University of Glasgow (Glasgow, UK) and NHS Greater
Glasgow and Clyde (Glasgow, UK) were co-sponsors and specific responsibilities were delegated to international partner institutions. All participants provided written informed consent. 
Randomisation and masking
Following a 3 month run-in period with placebo masked to participants in the final month, participants who remained eligible (≥70% medication adherence and random C-peptide ≤0·2
nmol/L at enrolment) were randomly assigned to receive metformin or placebo for 3 years. The placebo and active drug were identical in formulation (including excipients) and matched in shape and colour. Follow-up was abbreviated by between 1 and 8 months for the final 50
participants, in accordance with the final protocol (version 3.0; Nov 9, 2015). After confirming entry criteria, randomisation was achieved via an interactive voice response system hosted by the study data centre at the Robertson Centre for Biostatistics (Glasgow Clinical Trials Unit), University of Glasgow, Glasgow, UK. The randomisation list was generated by use of a pseudorandom number generator. Randomisation was stratified by study site, based on randomly permuted blocks allocated within each trial centre. Staff who generated the randomisation sequence had no role in any other part of the trial. Participants and site staff were fully masked to group assignment and all analyses predefined in the statistical analysis plan were programmed by investigators who were masked to treatment allocation.
Procedures
During the run-in period, CVD risk factor management was optimised in accordance with local guidelines at sites and insulin regimens were reviewed with the aim of optimising glycaemic control (target HbA1c 7·0% [53 mmol/mol]) with additional clinic visits if necessary. A randomisation visit (fasting) was then scheduled for baseline assessments including cIMT, endothelial function, and non-mydriatic colour retinal digital photographs. Study medication was either oral metformin hydrochloride 1000 mg twice daily with food (as Glucophage 500 mg) or placebo, provided free of charge by Merck KGaA (Darmstadt, Germany), and dispensed in identical packages with sufficient supply for 3 or 6 months, dependent on the visit schedule.
Participants were given instructions on up-titrating study medication on a weekly basis from one tablet daily to two tablets twice daily (with meals) in week 4, with support from telephone visits.
Lower doses were permitted for participants if adverse events occurred on higher doses.
Adjustments in insulin doses towards target HbA1c were made at the discretion of site staff rather than being specified by the protocol. Study visits were scheduled to coincide with routine care appointments when possible; main study outcomes were reassessed at 12, 24, and 36 months.
Participants continued to have access to usual local arrangements for diet, lifestyle, and weight management throughout the trial; ongoing management of glycaemia, blood pressure, and lipids was under the care of the site principal investigator and usual care team. A glycaemia committee sent detailed reports (masked to treatment allocation) on participants' HbA1c and rates of hypoglycaemia to each site every 6 months along with benchmarking data from other sites in their region.
Outcomes
The primary outcome was progression of averaged mean far-wall cIMT (measured in mm, at 
Statistical analysis
Data management and statistical analyses were done at the study data centre (Robertson Centre for Biostatistics, University of Glasgow, Glasgow, UK). 15 The study was designed, assuming mean cIMT progression of 0·044 mm over 3 years in the control group, to provide 90% power to detect a mean difference of 0·0167 mm (a third of an SD, assumed to be 0·05) in change from baseline of averaged mean far-wall cIMT between treatment groups (α=0·05), assuming enrolment of 500 participants and 20% loss to withdrawal or discontinuation of treatment.
Analysis of the primary outcome was based on a repeated-measures random regression model assuming a general residual covariance structure with random intercepts and slopes, adjusted for baseline cIMT as well as for age, sex, smoking status, systolic blood pressure, BMI, HbA1c, and LDL cholesterol, and was therefore expected to provide additional power. Regression model effect estimates with 95% CIs and associated p values were calculated. The same approach was used for analysis of the tertiary cIMT outcome. For the primary outcome, prespecified sensitivity analyses were done as follows: to account for differences in ultrasound machines used at sites by adjusting for ultrasound probe frequency; based on a per-protocol analysis; and with multiple imputation of missing cIMT values. Analyses were done on a modified intention-to-treat basis, including all randomly assigned participants with post-randomisation data available for the outcome of interest at any given timepoint, irrespective of subsequent participation in the study or ongoing adherence to study medication.
The sample size also provided 90% power to detect changes from baseline in the secondary outcomes of HbA1c, LDL cholesterol, eGFR, bodyweight, insulin dose, and endothelial function of about 0·3 SD (α=0·05). The retinopathy secondary outcome was likely to be underpowered because a 60% reduction in 3 year two-step or greater progression in the ETDRS severity scale was required to achieve 80% power. Outcomes were analysed as follows: ANCOVA, for change from baseline for continuous secondary and tertiary outcomes (HbA1c, LDL cholesterol, eGFR, bodyweight, insulin dose, endothelial function, and treatment satisfaction); Cox proportionalhazards for occurrence of vitamin B12 concentration of less than 150 pmol/L (tertiary outcome);
negative binomial regression models for rates of hypoglycaemia (tertiary outcome); and logistic regression analysis for two or more step progression of retinopathy (secondary outcome). The ANCOVA analyses were further extended, as prespecified, to include a visit-by-treatment interaction term to investigate whether the treatment effect varied over time. In the event of a significant interaction being found, the nature of the interaction was explored by plotting treatment effects over time. Comparisons between groups for the permanent discontinuations from study medication and the number of individuals who had at least one serious adverse event were made with χ 2 tests. Analyses were done with SAS (version 9.3). No adjustments for multiple comparisons were prespecifed.
No interim efficacy analyses were planned. An independent data monitoring committee reviewed unmasked reports on study progress every 6 months to monitor patient safety, the quality of efficacy information, and study conduct, as well as providing a recommendation to the sponsor on the appropriateness of continuing the study to completion.
This trial is registered with ClinicalTrials.gov, number NCT01483560.
Role of the funding source
During planning of the study, the funder (JDRF) hosted workshops to discuss principles of trial design for adjunctive therapy in type 1 diabetes and to encourage funding applications; however, the funder had no role in data collection, data analysis, data interpretation, or writing of the report. Merck KGaA (which donated study medication) had no role in study design, data collection, data analysis, or data interpretation, but a representative was offered the opportunity to comment on the report before submission. The corresponding author and trial steering committee (appendix p 2) had full access to all study data and provided regular progress reports to the funder and pharmacovigilance reports to Merck KGaA. The corresponding author and trial steering committee had final responsibility for the decision to submit for publication. The difference in mean within-person cIMT slopes (metformin relative to placebo) for the primary outcome (modified intention-to-treat analysis) was −0·005 mm per year (95% CI −0·012 to 0·002; p=0·167; table 2, figure 2 ). There was no treatment-by-sex interaction (data not shown). All prespecified sensitivity analyses (to account for differences in ultrasound machines used at sites by adjusting for ultrasound probe frequency; based on a per-protocol analysis; and with multiple imputation of missing cIMT values) showed similar results (data not shown).
Results
Between
Of the secondary outcomes (table 3, figure 3 ), HbA1c was reduced by metformin over 3 years (−0·13%, 95% CI −0·22 to −0·04; p=0·0060), but this was accounted for by a reduction at the 3-month timepoint (−0·24%, −0·34 to −0·13; p<0·0001) that was not sustained thereafter (p=0·0163 for visit-by-treatment interaction). There was no reduction in insulin dose requirement on average over 3 years (−0·005 units per kg, 95% CI −0·022 to 0·012; p=0·5450), but there was evidence of a significant interaction between treatment and visit (units per kg; p=0·0018), with little difference between the treatment groups in the first 6 months, followed thereafter by a small but sustained reduction in patients allocated to metformin (estimated in post-hoc analyses as −0·023 units per kg, 95% CI −0·045 to −0·0005; p=0·045; figure 3 ). Differences favouring metformin were recorded in the mean within-person change between treatment groups in bodyweight (−1·17 kg, 95% CI −1·66 to −0·69; p<0·0001) and LDL cholesterol (−0·13 mmol/L, −0·24 to −0·03; p=0·0117); these changes would have met the secondary composite outcome (at least two of the secondary outcomes showing significant improvement) had the primary outcome shown a significant difference. There was also a significant increase in eGFR with metformin (4·00 mL/min per 1·73m 2 , 95% CI 2·19 to 5·81; p<0·0001; table 3, figure 3 ). There was no evidence of a treatment effect on endothelial function (as measured by RHI) or on retinopathy ( Biochemical vitamin B12 deficiency (<150 pmol/L) was more frequent with metformin (table 4) .
Therapy was discontinued because of asymptomatic hyperlactataemia in four individuals on metformin and none on placebo; there were no cases of lactic acidosis. Five deaths occurred among patients allocated to metformin (three from cancer, two from cardiac disease) and two occurred among those allocated to placebo (one from cancer, one from cardiac disease; table 4); none were judged by site principal investigators to be related to study medication. No changes in blood pressure control were seen with metformin therapy (data not shown).
Discussion
Adding metformin to insulin therapy and standard of care for 3 years in adults with longstanding type 1 diabetes and high cardiovascular risk did not significantly alter atherosclerosis progression as measured by the primary outcome (averaged mean cIMT) and did not have a sustained effect on glycaemic control. However, we did identify reductions in bodyweight, LDL cholesterol, and insulin dose requirement per unit of bodyweight, and a reduction in atherosclerosis progression as measured by the prespecified tertiary outcome of averaged maximal cIMT. Metformin was poorly tolerated by a substantial minority of participants, mainly because of gastrointestinal upset.
Before REMOVAL, the longest trial of metformin versus placebo in patients with type 1 diabetes was for 1 year in 100 individuals at the Steno Diabetes Center. 19 Our systematic review of nine previous trials of metformin in type 1 diabetes (192·8 patient-years) provided some evidence for a reduction in insulin dose requirement (estimated at 6·6 units per day) when metformin was added to insulin. 8 Bodyweight reduction was reported in three of six studies and HbA1c reduction in four of seven studies, but heterogeneous data for these outcomes could not be combined to give a pooled estimate of effect size. 8 In a recent trial by the US T1D Exchange group, 140 adolescents, over half of whom met criteria for obesity, were randomly assigned to metformin or placebo for 6 months. Metformin reduced bodyweight and caused a transient reduction in HbA1c at 13 weeks (−0·3%), which reverted to baseline by 26 weeks, with a mean reduction in insulin dose requirement with metformin of 0·1 unit per kg (about 8 units per day) at both 13 and 26 weeks. 20 This reduction was similar to the 6·6 units per day noted in our systematic review, 8 but about four times higher than seen during years 2 and 3 of REMOVAL (0·023 units per kg or about 1·9 units per day). This difference in findings might have been because baseline doses were almost twice as high in the T1D Exchange trial (1·1 vs 0·63-0·68 units per kg); notably, in the T1D Exchange trial, the difference was also detected earlier at 3 months rather than 6 months.
The only trial of metformin in type 1 diabetes previously to have reported a reduction in LDL cholesterol (by 0·3 mmol/L) was the trial done at the Steno Diabetes Center, 21 in which a much lower proportion of participants was treated with statins than in REMOVAL (about 37% vs 82%), with a substantial imbalance at baseline favouring the metformin group. In REMOVAL, statin use was well balanced at baseline between groups. Although the effect size in REMOVAL was similarly small, it is likely to have been attenuated by treatment of LDL cholesterol to target in both groups in accordance with local guidelines. Despite the fairly small effect size, if this reduction in LDL cholesterol was sustained over decades (rather than the 3 years of the trial), it could have an effect on CVD outcomes in patients with type 1 diabetes. Although this effect could have been achieved by other means, from a global perspective it is relevant that generic metformin has a low acquisition cost.
Metformin is associated with cardiovascular benefit in type 2 diabetes. 9,10 These effects are not necessarily mediated by glucose lowering-eg, inhibition of STAT3 (and thereby monocyte-tomacrophage differentiation) via activation of AMPK in vascular tissues has been implicated in a direct anti-atherosclerotic action of metformin. 22 Moreover, metformin can improve aspects of endothelial function 23 and inhibit formation of advanced glycation end products by binding and inactivating methylglyoxal via an AMPK-independent pathway. 24 Previous evidence that metformin can reduce atherosclerosis progression as measured by cIMT is inconsistent and based on underpowered, unblinded studies. Results of a double-blind, placebo-controlled trial in people without diabetes but with CVD showed no effect of metformin on mean cIMT. 25 However, the mechanisms of atherosclerosis progression in type 1 diabetes might differ from those in other conditions.
By design, participants in REMOVAL had increased CVD risk and about 12% had established CVD. However, progression of the primary outcome (averaged mean cIMT) in the placebo group was only about two-thirds of that predicted (0·030 mm vs 0·044 mm), perhaps because of high levels of risk-factor management with statins and antihypertensive drugs. By contrast, progression of the tertiary outcome, averaged maximal cIMT, was higher than in younger DCCT/EDIC participants, as was the reduction in maximal cIMT progression with metformin (−0·039 mm over 3 years in REMOVAL vs −0·013 to −0·019 mm over 5 years in DCCT/EDIC). 14, 26 Our selection of mean cIMT, which excludes individual readings greater than 1·5 mm and plaque, as a primary outcome was driven by the aim of reducing variability in accordance with recommendations from the Mannheim consensus, 16 although there is evidence of improved risk prediction with our tertiary outcome maximal cIMT, which might be more reflective of atherosclerosis progression than mean cIMT because it includes more advanced stages of disease, including focal thickening or plaque. 26 During DCCT and the early EDIC study, use of statins and antihypertensive drugs was uncommon in people with type 1 diabetes. Reduction in maximal cIMT in EDIC following previous intensive glucose control was later followed by a 30% reduction in CVD events over a total follow-up period of 30 years. 3 It is premature to conclude that the effect of metformin on maximal cIMT in REMOVAL might translate to such substantial effects on clinical outcomes, especially in view of its status as a tertiary outcome. Notably, the contribution of reduced cIMT progression per se to lowered CVD outcome rates independent of glycaemia has not been formally explored in DCCT/EDIC. Conversely, although cIMT is simply a surrogate endpoint for downstream CVD events, the concordance in findings between trials that use cIMT progression and CVD outcomes is excellent, with a positive predictive value of 96%. has been reported in a double-masked, randomised, placebo-controlled pilot trial (n=42), 27 we identified no effect in small resistance arteries using RHI in what was one of the largest studies of vascular function in type 1 diabetes to date.
Although evidence from DCCT/EDIC implicates hyperglycaemia as the key driver of atherosclerosis and CVD in type 1 diabetes, renal disease also has an important role. 3 In REMOVAL, mean eGFR fell by 4 mL/min per 1·73m 2 over 3 years in the placebo group, as expected in this population. However, in the metformin group, it rose acutely within the first month and then followed a parallel trajectory to placebo until the end of the trial, at which point separation was maintained; eGFR was a prespecified secondary outcome, but this was an unexpected finding that we believe should not be overemphasised at this stage. We cannot assess whether decline in renal function was stabilised by metformin because eGFR was not remeasured after study medication was discontinued. Since metformin and creatinine share renal proximal tubule transport mechanisms, 28 we speculate that metformin might acutely increase tubular excretion of creatinine, affecting its validity as a biomarker of renal function, although this phenomenon has not previously been described in metformin's 60 year history. Together with other recent data, 29 these findings warrant further investigation.
As the largest and longest clinical trial of metformin treatment in patients with type 1 diabetes to date, REMOVAL provides valuable information about its tolerability and safety. About a quarter of individuals (twice as many as in the placebo group) discontinued metformin over 3 years, suggesting that about one in eight had genuine intolerance, with the excess being attributable to gastrointestinal adverse effects. Although this finding potentially limits wider use of metformin in unselected individuals with type 1 diabetes, such intolerance is usually evident in the early months of use; additionally, prolonged-release metformin is available and has fewer gastrointestinal side-effects. 30 In terms of safety, the risk of biochemical vitamin B12 deficiency was more than doubled over 3 years on metformin (12%) versus placebo (5%). Because vitamin B12 concentrations are not usually monitored in current practice, undetected clinically significant deficiency could develop over time, potentially contributing to sensory neuropathy in individuals already at risk. Our findings contribute to growing evidence that treatment with metformin reduces vitamin B12
concentrations, suggesting that monitoring should be used during long-term use, 7,31,32 particularly in type 1 diabetes, in which there is associated risk of gastroparesis, pernicious anaemia, and coeliac disease. We noted several cases of asymptomatic hyperlactataemia in patients treated with metformin and none in the placebo group; however, there were no cases of lactic acidosis and the clinical significance of this finding is uncertain.
Limitations of the REMOVAL trial include use of an intermediate primary CVD outcome rather than a clinical one. Notably, no previous randomised trial of any intervention in type 1 diabetes has had a CVD primary outcome; despite the undoubted relevance of CVD in type 1 diabetes, REMOVAL is the first to include even a surrogate measure. The study was powered on the assumption that the SD of change from baseline for mean cIMT was 0·05, but despite central reading and an ongoing quality assurance programme, the observed value was 0·09. Although additional power is likely to have been achieved because of our use of a repeated measures regression analysis and adjustment for baseline characteristics, this increased SD probably reduced the statistical power of the trial. Moreover, we tested multiple secondary and tertiary outcomes (without adjustment for multiple comparisons), although all were prespecified.
Strengths of the study include international recruitment in five countries and stable, modern glycaemic management, including insulin pump use by about a third of participants, increasing the generalisability of our findings.
The results of REMOVAL do not support the assertion by current guidelines that metformin can improve glycaemic control in patients with type 1 diabetes, nor do they provide a rationale for restricting its use to those who are overweight or obese. However, they do suggest that wider offlabel use of metformin might be warranted to improve CVD risk management in type 1 diabetes, and possibly also reduce insulin dose requirement. and Jonathan Haw (deceased; lay representative on the trial steering committee). 
Contributors
) 73·1 (9·9) 71·5 (10·3) Total cholesterol (mmol/L) 4·03 (0·88) 4·01 (0·93) LDL cholesterol (mmol/L) 2·23 (0·70) 2·25 (0·72) HDL cholesterol (mmol/L) 1·64 (0·56) 1·62 (0·59) Triglycerides (mmol/L) 1·07 (0·77) 1·03 (0·57)
